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ABSTRACT
To date small satellites have tended not to compete directly with the capability of traditional larger, more expensive
spacecraft, instead filling niches or simply offering less capability where operators needs (and budgets) are smaller.
Recently, however, Earth Observing small satellites have been closing this performance gap and are now competing
more directly with their bigger rivals. In particular this paper will discuss how a new, agile sub-metre imaging
platform will be able to deliver an Earth Observation capability close to the limit of what is currently available in the
commercial market. This platform is an evolution of the recently built NigeriaSat-2 spacecraft, which is due to be
launched later this year.
Achieving this level of performance within the constraints of a small satellite creates new challenges in maintaining
the quality of image products. The emerging technologies used to meet these challenges and the ways in which they
are combined into a small satellite solution is described. These technologies vary from novel mechanical design
solutions to compact, low-power high-performance attitude sensors.
What little shortfall that remains in EO small satellites' ability is primarily coverage, which can be overcome using
constellations where necessary. This paper will also discuss how multiple small satellites can work together to
achieve the same result as complex imaging modes of larger spacecraft. A further advantage that has been
demonstrated by the Disaster Monitoring Constellation is that several agencies can pool limited resources to create a
more capable shared facility. An explanation of how this experience can be translated to sub-metre Earth
Observation will be given.
INTRODUCTION
In October 2010 the first SSTL-300 Earth Observation
spacecraft, NigeriaSat-2, will be launched. This mission
will achieve 2.5m imagery in a panchromatic waveband
along with 5m and 32m imagery in four mutli-spectral
channels.1,2 The spacecraft will deliver high data
throughput on an agile platform, whilst still maintaining
high levels of pointing accuracy. Figure 1 shows the
fully assembled spacecraft.
Agile Sub-Metre EO Small Satellite
The SSTL 300 is an evolution of SSTL’s heritage
platform design, used in DMC+4 and TopSat, missions
which have achieved over 10 years in-orbit heritage.
The agile SSTL 300 Earth imaging system has a range
of derivates, including 1 metre class multi-spectral
imaging with high speed downlink and 45º fast slew
off-pointing.

Figure 1: SSTL-300 - Fully assembled NigeriaSat-2
flight model
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Most recently, the SSTL 300 S1 has become the new
addition to the family of SSTL 300 platforms (Figure 2
and Figure 3), providing submetre imagery in addition
to all the existing mission performance of the platform,
and retaining its heritage. The agile SSTL 300 S1 Earth
imaging system offers 0.75m GSD imagery with high
speed downlink and the same 45º fast slew off-pointing.
The standard high-resolution scene size is only
marginally reduced from 20x20km to 17.4x17.4km.

Figure 2: SSTL-300

Figure 4: Simulated SSTL-300 S1 Image Product
CONSTELLATION SOLUTIONS
As well as a sub-metre imaging resolution capability,
the SSTL-300 S1 spacecraft is capable of providing a
full range of image products and supports a wide range
of imaging modes, as described in the following
sections. Nevertheless, larger conventional EO missions
may have greater capacity because of increased power
generation and space to accommodate more equipments
on-board. This is readily compensated for with a small
satellite solution such as the SSTL-300 by launching a
constellation of spacecraft to increase the overall
capacity of the system. Two of these spacecraft phased
in the same Sun-synchronous orbital plane achieve a
global daily revisit thanks to the wide slew range.
Additional pairs of spacecraft in other planes can be
used to create even more frequent revisits. The
reduction in revisit period is a benefit of small satellite
constellations that cannot be gained with a single, larger
mission.

Figure 3: SSTL-300 S1 Sub-Metre Platform
An example from an example SSTL-300 S1 scene is
shown in Figure 4. This is a Pan-sharpened image
produced from panchromatic channel data at 75cm
GSD and colour-band data at 225cm GSD.
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SSTL has extensive experience in Earth Observation
constellations and this has demonstrated their
effectiveness. The first satellite in the Disaster
Monitoring Constellation3,4 was launched in 2002 and
was quickly joined by the next three spacecraft the
following year. This venture has shown how a
constellation can be augmented with enhanced
spacecraft in later years. In this case DMC+4 was added
in 2005, which included a 4m GSD imaging payload in
addition to the 32m GSD wide-swath imager common
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to the rest of the constellation. In 2009 two further
spacecraft, Deimos-1 and UK-DMC25, were launched
into the constellation with improved GSD (22m) and
greater capacity.

five available bands. The medium-resolution imager
product is an image 300km across-track by 20km
along-track in the four spectral bands. The standard
image product for the sub-metre SSTL-300 S1 platform
is a 17.4x17.4km scene. When using the ‘Scene’ mode
any location on the ground visible within the roll and
pitch capability can be targeted and imaged with either
or both of the imagers. Thanks to the high agility of the
platform, images that are separated in the across-track
direction but not in the along-track direction can still be
imaged. Figure 5 illustrates an example spread of
images taken whilst in ‘Scene’ mode.

Another example of a constellation of SSTL satellite
platforms is RapidEye6,7, which was launched in 2008
and provides a global monitoring service with 6.5m
GSD imagery and frequent revisits.
The concept of using constellations of small satellites to
compete with capacity of a single, larger spacecraft is
not in itself new. The key to competing with more
expensive, conventional systems is to create a system
that can support the full range of image products
offered by the ‘Big Boys’. To achieve this the
SSTL-300 family of spacecraft utilize a range of
emerging technologies that make this possible in the
context of a low-cost solution.

The SSTL-300 and SSTL-300 S1 spacecraft have two
manoeuvre modes: standard and fast response. The
standard manoeuvre mode allows the spacecraft to set
itself up for an image event slowly, thus consuming a
small amount of power. In instances where image
targets are closely located, the fast response manoeuvre
uses a more powerful actuator to quickly achieve the
required attitude.

FULL RANGE OF IMAGE PRODUCTS
The SSTL 300 platform is highly versatile, capable of
an extensive set of modes. The compact nature of the
satellite, its lack of appendages, such as large
deployable solar arrays, and fewer requirements for
large quantities of propellant mean that it can be much
more agile than equivalent bigger satellites.

Ground
Targets

Based on its 700km sun-synchronous orbit, a number of
imaging modes are defined for the satellite. The
standard modes are the scene and strip modes, and then
more complex compound modes make use of the high
agility to deliver stereo and area modes.
NigeriaSat-2 carries two payloads onboard which are
capable of providing medium resolution images (32m)
in Red, Green, Blue and Near Infra-red bands, high
resolution images (5m) in Red, Green, Blue and Near
Infra-red bands and high resolution (2.5m) in a
panchromatic band, from an altitude of 700km. The
medium resolution imager (MRI) has a swath of
300km, while the very high resolution imager (VHRI)
has a swath of 20km.

Figure 5: The high agility of the spacecraft allows a
series of geographical diverse targets to be captured
in a single pass

A VHRI scene is defined as a 20km x 20km image that
is a combination of one panchromatic scene with GSD
of 2.5m and four multi-spectral image scenes each with
GSD of 5m in the blue, green, red and near infrared
spectral bands. An MRI scene is defined as a 300km x
20km image scene that is a combination of four multispectral image scenes each with a GSD of 32m in the
blue, green, red and near infrared spectral bands.

Strip Mode
To support applications such as mapping, individual
scenes can be strung together to produce strip images
up to 2000km in length. As with the ‘Scene’ mode,
target locations anywhere in the wide field of regard
can be imaged. Typically, strips would be set up using
the standard manoeuvre mode, reserving the fast
response mode for applications where a more
responsive image is required. Figure 6 shows an
example area that could be imaged in ‘Strip’ mode.

Scene Mode
The SSTL-300 standard image product produced by the
high-resolution imager is a 20x20km scene in all
Carrel
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This stripping capability applies to both imagers,
enabling a detailed mapping strip with the highresolution imager, or a very wide area coverage strip of
300x2000km in medium resolution.

Area Mode
The most complex of the modes is the ‘Area’ mode.
This uses a combination of roll and pitch manoeuvres to
artificially widen the swath of the image for a limited
period of time. By initially pitching forward and rolling
to one side, the spacecraft can image a first strip of
images. Following this, the spacecraft pitches back and
rolls in the opposite direction to take a second strip,
partially overlapping the first. This process can be
repeated a third and fourth time to create an image area
up to 4 scenes across by 4 scenes along-track. Figure 8
shows the steps for a 3x3 area mode image.

Nadir
Facing
view

5

Figure 6: An example of the area that can be
imaged in ‘Strip’ mode
Stereo Mode

2

The compound modes focus on the use of the highresolution imager. The first of these modes is the
‘Stereo’ mode. This compromises a pair of images
taken of the same location on the ground but from
different view angles. This allows the two images to
then be processed together to obtain height information
about the target. Figure 7 shows an illustration of the
way a stereo pair is created. The exact angle at which
the two stereo images are taken can be varied
depending on the application, and the available settling
time between images varies accordingly.
2
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Figure 8: An illustration of how a 3x3 area mode
mosaic image can be built up. The spacecraft
transitions through steps 1-5 through a series of
pitch and roll manoeuvres

1

Some larger spacecraft can perform more complex
manoeuvre sequences to generate larger are mosaic
images. Where this is considered a priority mission
capability an equivalent result can be created by flying
a pair of small satellites such as the SSTL-300. These
would have a small phasing separation in the same
orbital plane such that a second mosaic can be captured
adjacent to that captured by the first spacecraft with a
minimal time-delay between images.

Figure 7: An illustration of the way a stereo pair is
created
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During payload operations the primary attitude sensor is
a star tracker, supplemented by the MIRAS MEMS
Inertial Rate Sensor (Figure 11). The star tracker used
in the first SSTL-300, NigeriaSat-2, is the Micro-ASC
from Danish Technical University, although other star
trackers could be used instead.

SMALL SATELLITE AGILITY
The SSTL-300 is able to image at attitudes within a
45-degree cone from nadir and move between targets
quickly on the same pass over an area of interest. This
facility, combined with the stereo and area imaging
modes, requires a high level of agility to be provided by
the AOCS. The compact small satellite design has
resulted in moments of inertia of around 60kgm2 about
the principle axes.
The AOCS subsystem of the SSTL 300 platform
consists almost entirely of SSTL built units. The
primary actuators for attitude control are four
Microwheel 10SP momentum wheels (Figure 9), used
continuously to maintain pointing at the required
attitude. In addition, four SSTL Smallwheel 200SP
wheels (Figure 10) are used as zero-momentum reaction
wheel to give this platform an acceleration capability of
>0.35º/s/s and a slew rate capability of >6º/s. A
60degree roll manoeuvre from -30degrees to
+30degrees can be achieved in <30seconds. Roll and
pitch manoeuvres of this nature can then be used in
quick succession to support the imaging modes
described above.

Figure 11: Redundant pair of SSTL MIRAS-01 units
The attitude control cycle has limited opportunity to
respond in feedback control during these short, highrate slews. Therefore, to ensure that accurate pointing is
maintained during agile operations it is necessary to
precisely calibrate the spacecraft inertia tensor. An
initial measurement of the inertia tensor is undertaken
pre-launch but this must be refined in-orbit to achieve
the required accuracy.
Inertia Calibration
For the inertia tensor to be calibrated effectively the
spacecraft is rotated with carefully measured actuator
torque and momentum while star tracker measurements
are accumulated. A sequence of controlled manoeuvres
of this nature is used to build up the information
required to determine the inertias of the spacecraft and
this is then processed using a recursive estimator. This
calibration technique builds on previous work
undertaken for SSTL’s UoSat-12 mission.
When under wheel control, the Euler equation
governing the dynamics is that given in Equation (1),
where I is the spacecraft inertia tensor, J represents the
wheel inertias, η is the vector of wheel speeds and gdist
is the external disturbance torque.

Figure 9: SSTL MicroWheel 10SP

I ωɺ + Jηɺ + ω × (I ω ) + Jη = g dist

The angular rate of the spacecraft, ω, and the angular
acceleration can readily be derived from the star tracker
measurements recorded while the spacecraft was
rotating. The wheel speeds and accelerations are also
known from the actuator telemetry. If the external
disturbance torque is then assumed to be zero
(magnetorquer firing is suspended during the
manoeuvres) then the estimated values for the inertias
can be refined using a recursive estimator.

Figure 10: SSTL SmallWheel 200SP
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UOSAT: Attitude Log File
I11

In practice there is some small external disturbance
torque. The two main sources of disturbance to the
SSTL-300 attitude are the residual magnetic moment of
the spacecraft interacting with the Earth’s magnetic
field and gravity gradient effects. Atmospheric drag and
solar radiation pressure are negligible due to the
relatively high altitude and small surface area of the
spacecraft. The residual magnetic moment causes the
estimated inertia to oscillate around the true value,
shown in Figure 12, although this does slowly
converge. Gravity gradient torque, meanwhile, creates a
substantial bias in the inertia estimator as shown in
Figure 13.
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Figure 14: Inertia estimator output where magnetic
and gravity gradient disturbances are accounted for.
The true inertia is 54.9kgm2 about the axis in
question.
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HIGH ACCURACY GEOLOCATION
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The SSTL-300 system is able to geolocate images to an
accuracy of <35 metres (CE90) without using ground
control points. This is achieved through precise
measurement of the position and attitude of the payload
at the time of image capture. Monte Carlo simulation
results from the performance assessment of geolocation
accuracy are shown in Figure 15. The relative
orientations between the star camera heads and the
payload are calibrated during commissioning by
imaging geo-referenced targets, removing the need for
precise alignment during build. This can also be used to
verify in-flight performance. For the calibration process
to be effective it is essential that thermo-elastic
distortions are kept to a minimum. This is achieved
through a combination of thermal design and the
mechanics of the payload and star tracker mounts.
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Figure 12: Inertia estimator output for one axis
during processing of 4 hours of telemetry captured
during a sequence of slew manoeuvres. In this case
the inertia tensor is spherically symmetric with an
inertia of 55kgm2 but the spacecraft has a residual
magnetic moment.
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Figure 13: Inertia estimator output where the inertia
tensor is non-symmetric with an inertia of 54.9kgm2
about the axis in question.
When these external disturbance torques are properly
accounted, the inertia estimator converges on the
correct value, as shown in Figure 14.
Figure 15: Geolocation error distribution
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without complicated MGSE (Mechanical Ground
Support Equipment).

Thermo-elastic Relief
The thermal design on the SSTL-300 platform is mainly
passive. The satellite therefore experiences significant
changes in mean temperature and temperature
gradients. The satellite primary structure is fabricated
from aluminium skinned aluminium honeycomb core
sandwich panels which distort as a result of the thermal
environment.
The spacecraft is to be able to geolocate images to
better than 35m without ground control points. To
achieve this, the thermo-elastic distortions between star
cameras and the imager bore sight are kept to less than
0.001 deg. Additionally microvibration of the imager
must be kept under control to achieve the required
image quality. These issues are managed by mounting
the VHRI, MRI payloads and the star cameras on a
thermo-elastically stable optical bench which is
supported on a compliant kinematic mount.
The compliant kinematic mount consists of a number of
compliant links. The design of the compliant link is
such that effectively it only constrains the optical bench
in the axial direction of the link. Each link constrains 1
degree of freedom of the optical bench payload
assembly. Thus with 6 correctly placed links the optical
bench payload assembly would be fully constrained.
The solution adopted uses 7 links which slightly over
constrains the assembly. The layout of the optical bench
payload assembly is shown in Figure 16.
Optimising the design for thermo-elastic and
microvibration produces a solution that is not optimal
for strength under launch loads. It was therefore
decided to decouple the requirements for the in-orbit
performance and launch performance by incorporating
a launch lock.

Figure 16: Layout of the optical bench payload
assembly
Finite element analysis shows that the 0.001 deg
requirement is met under the worst case combinations
of 30 deg C variation in the mean temperature of the
primary structure, 10 deg C variation in the mean
temperature of the optical bench assembly and 5 deg
temperature gradients. Since these analyses the thermal
load case has been revised and has been shown to be
much better that originally analysed.

During launch the optical bench payload assembly is
supported by 5 hold down and release devices. Each
hold down and release device consists of a cup and
cone pair, a low shock separation nut and an
instrumented bolt. During on-orbit commissioning the
hold downs are released and the optical bench payload
assembly deploys 2 mm, at which point it engages the
kinematic mount. The kinematic mount must survive
this deployment shock event. These loads size the
kinematic mount but are orders of magnitude lower
than the launch loads.

Qualification of the hold down and release system has
been achieved by a spacecraft level structural
qualification vibration test. Figure 17 shows the EQM
optical bench payload assembly installed in the satellite
structural qualification model. Following the spacecraft
level structural qualification vibration test, ground
deployment tests were performed. These tests were
completed without issue.

The deployment is driven by a set of springs. These
springs are adjusted during assembly to control the
deployment energy. For ground testing, different
springs are used which compensate for the 1 g gravity
loading on the system. This allows deployment tests
and microvibration tests to be carried out on the ground
Carrel

The deployable optical bench approach has performed
as per the original design intent. This enables the
satellite to meet the geolocation requirement.
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Figure 18: An SSTL High Speed Data Recorder
(HSDR)

MICROVIBRATION PASSIVE CONTROL
Mechanical noise generated by momentum wheels and
other moving parts on-board an Earth Observation
satellite can propagate through the structure and excite
rotational modes in the mirrors of the optical payload.
Experimentation by SSTL has shown that if mechanical
noise sources are made to be sufficiently large this can
create undesirable artefacts in imagery, as shown in the
comparison of Figure 19 and Figure 20.

Figure 17: EQM optical bench payload assembly
installed in the satellite structural qualification
model
Attitude and Orbit Reconstruction
The calculation of an image location is performed on
the ground as part of the automated image processing
chain. The AOCS meta-data used for geometric
processing is stored with the image data in the image
archive so that raw data can be re-processed at any time
in the future to produce the full range of image
products. Attitude and orbit ground processor filters the
AOCS data to create a smoothed estimate of the
payload trajectory and attitude during image capture.
As well as allowing images to be accurately placed, this
information is also used to ensure the correct coregistration of the five bands in the VHRI payload
without colour fringing effects.
One of the redundant pair of SSTL Space GPS
Receivers is used to provide an absolute time reference
for the spacecraft. The GPS time signal is distributed
across the spacecraft so that image data is time-stamped
along with position, velocity and attitude using the
same, accurate time reference. The AOCS meta-data is
collated by the OBC and stored on the payload highspeed data recorder (HSDR) along with the image data
before it is sent to the ground.
Carrel
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The effectiveness of this solution has been verified by
end-to-end test on NigeriaSat-2, as shown in Figure 21.
A collimated light source was directed into the VHRI
optics such that a slit of light intersected the 2.5m PAN
channel detector perpendicular to the detector array.
This created a narrow distribution of light along a small
section of the PAN channel detector. Image data from
the PAN channel was then captured while the
Microwheels and APMs were operating in a
representative manner.

Figure 20: An image captured with a mirror mode
excited during experimentation with increased wheel
speeds
There are two sources of mechanical noise during
imaging operations on NigeriaSat-2. The primary
source is the four Microwheel 10SP actuators used for
fine attitude control. The larger Smallwheel 200SP
reaction wheels are kept stationary during imaging. The
other noise source is the two antenna pointing
mechanisms (APM), which may be tracking a ground
station during image capture to facilitate near real-time
observation.

Figure 21: NigeriaSat-2 undergoing characterization
of microvibration effects
A example of the illumination along the relevant
section of a single line of the image data is shown in
Figure 22. The light distribution has a clear peak and
the centroid can readily be calculated. The centroids of
subsequent lines in the captured image then provide a
time-history of the motion of the payload and the
mirrors within it. As can be seen from Figure 23, this
motion is a small fraction of a pixel in magnitude and
does not pose a risk to image quality. The RMS motion
observed is 0.02 PAN pixels. Experimentation with this
test setup showed that isolation from mechanical noise
sources is so effective that it was difficult to generate
any disturbance distinguishable from control runs with
no actuator activity.

Each of the Microwheels is isolated from the primary
structure by way of compliant mounts that will
attenuate mechanical noise at the higher frequencies of
the payload mirror modes. As described above, the
payload assembly is isolated from the primary structure
and has 6 rigid body modes on its compliant mount.
These modes are well below the modes of the payload
such that there is some attenuation of microvibration.
The optimum frequencies of the modes of the payload
assembly is a compromise. Generally the lower the
frequency the more microvibration attenuation, but low
frequency modes have much larger amplitudes for the
same power. If the frequencies of the assembly are not
correctly selected or are not sufficiently damped, image
distortion could be dominated by one of the rigid body
modes for the assembly. Additionally very low
frequencies, of the order of 1 Hz, cannot be used on an
agile spacecraft as this would causes problems with
attitude control. The axial stiffness of each link and
location is optimized to achieve the best modal
behaviour of the optical bench and payload assembly.
Similarly, the Microwheel mounts have been carefully
designed to ensure that there are no modes that would
interfere with attitude control.
Carrel

This characterization was undertaken using the 2.5m
GSD VHRI payload, however the large margin
indicates that approach used for managing
microvibration effects will be suitable for the 0.75m
payload used in the SSTL-300 S1 platform.
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achieved with a satellite of this class. This SSTL-300
spacecraft is now complemented by the SSTL-300 S1
platform, which offers the same wide range of imaging
modes but with 75cm GSD.
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CONCLUSIONS
Increasingly sophisticated small Earth Observation
satellite missions are becoming feasible. The SSTL300 class of platforms, of which NigeriaSat-2 is the first
instance, will provide cost effective operational service
competing with classical systems costing an order of
magnitude greater. This capability is made possible
through a range of emerging technologies, described in
this paper.
The capacity of this range of high-performance small
satellites can be readily extended through the use of
constellations. The effectiveness of this approach has
been clearly demonstrated by previous SSTL missions.
When it launches later in 2010, NigeriaSat-2 will give a
first taste of just how much performance can be
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